Coordinated control of exhaust gas recirculation (EGR) and variable geometry turbocharging (VGT) is important for emission reduction and performance improvements in diesel engines. In this paper we apply the sliding mode control design methodology based on the concept of "Order of Zero Dynamics" and Block Control Principle to the linearized model of a diesel engine. The basic controller design procedure is reviewed and the controller performance is illustrated with simulation results.
INTRODUCTION
The trend toward reduced emissions and higher efficiencies is a driving force behind the development of the next generation of internal combustion engines. Compared to SI (Spark Ignition) engines, DICI (Direct Inject Compression Ignition) or diesel engines deliver superior fuel economy and thus are candidates for one of the prime movers of the future.
To increase their nominally low power density, conventional diesel engines are turbocharged. The turbine driven by the exhaust gas from the engine drives the compressor which supplies the airflow into the engine, see Figure 1 .1. One of the important trade-offs in a turbocharged engine design is between fast transient responses at low engine speeds and excessive airflow during the high-speed operation. Besides, a pressure surge in the exhaust manifold at tip-ins may be detrimental to the engine acceleration performance. One of possible solutions to this tradeoff is a Variable Geometry Turbocharger (VGT), see Figure 1 .1. The VGT utilizes a system of adjustable guide vanes that can vary the effective flow area of the turbine thereby affecting the compressor mass airflow and exhaust manifold pressure. Recently, VGT has emerged as an important emission control mechanism as it affects the pressure drop across the exhaust gas recirculation (EGR) valve and can, therefore, increase the exhaust gas recirculation rates. The exhaust gas recirculated back into the engine through the EGR valve lowers the flame temperature and impedes the formation of oxides of nitrogen (NOx). As Figure 1 .1 suggests, EGR valve and VGT interact strongly in their effect on the engine variables. In particular, if the intake manifold pressure and the compressor mass airflow are the measured outputs, these interactions result in the nonminimum phase plant behavior, see [3] .
The paper employs sliding mode analysis and control design tools such as "Order of Zero Dynamics" [5] and the Block Control Principle [1] to arrive at a controller that deals effectively with the interactions. The design is based on a linearized model of the diesel engine at a medium speed/medium load operating point and the controller performance is illustrated with simulations.
BACKGROUND THEORY
Control methods for stabilization of large-scale systems with uncertainties are very important in practical applications. The Block Control Principle [1] offered a systematic approach for accomplishing this complex task. However, the requirement of full state availability is a major drawback of this methodology which perhaps may be alleviated to some extent by asymptotic observers. In this study, we employ a new concept based on "Order of Zero Dynamics" introduced in [5] to facilitate control design while reducing the information needed for control implementation. Although this approach may be extended to nonlinear systems, to ease the details of exposition, the scope of the following review will be narrowed down to linear systems.
For an example application of this methodology to nonlinear systems, see [6] .
2.1
Order of Zero Dynamics Consider a linear system that after appropriate coordinate transformations can be represented in the Regular Form [2] given by (2.1). Rather than considering every equation as a block [1] , as can be seen from (2.1), groups of equations separated by the dashed lines are considered as "Zero Dynamics of Order i". Note that the zero dynamics of each order can be viewed as subsystems controlled with a fictitious control input,
x , that has the same dimension as i x .
Design Procedure
Using the Regular Form and "Order of Zero Dynamics"-based classification we can develop an iterative control design procedure. We will describe this procedure using the second version of the Block Control Principle where a high gain feedback is used to suppress the uncertainties in the plant parameters. Note that the fictitious control inputs may be employed to either stabilize or to improve (e.g., speed-up) the dynamics of a certain subsystem. Step1: If Zero Dynamics of order one, denoted by ZD 1 , are stable, the system may be stabilized by simply selecting the sliding surface as 
which is very fast. Similarly, the system depends only on the stable Zero Dynamics of order two, ZD 2 . In this case the exact information about ZD 3 is not required. Similarly, the fictitious control input of ZD 2 may be used to improve the dynamic behavior of ZD 3 .
Step (i+1): If Zero dynamics of order (i), ZD i , are stable, the system may be stabilized by selecting the sliding surface 1 s as, 
to improve the dynamics of ZD i . The relation can be realized by modifying the i s of (2.7) to the form of,
Of course, the estimation of [ ] 
CONTROL DESIGN
Although the nonlinear model of the EGR/VGT diesel engine may be found, e.g., in [3] , the linearized model may be a good starting point for a potential investigation. In this study, we use a seventh order linear model that is a linearization of the nonlinear model at a selected, medium speed/medium load operating point.
3.1
The VGT/EGR Diesel Engine Model As can be seen from the schematic diagram in the Figure 3 .1, the EGR/VGT diesel engine consists of VG turbine, air compressor connected directly to the VG turbine through a shaft, EGR valve and cylinders. The VG turbine is designed to manipulate the airflow through the compressor by adjusting the guide vanes. The EGR valve regulates the flow rate of the exhaust gas into the intake manifold. These two devices serve as two actuators to regulate the air-to-fuel ratio and EGR flow fraction to the desired set points. Two control inputs are 
As can be seen from ( Step 2, the fictitious control input, After the sliding mode is enforced on the surfaces, 1 s and 2 s , the dynamics of the system depends only on the ZD 2 which are stable.
3.3
Observer Design To implement the control described by (3.2) and (3.3), the state 5 x ∆ needs to be estimated. In this work, the sliding mode observer is designed in the following form, The simulation results were obtained with the augmented actuator dynamics. To handle the actuator dynamics, the asymptotic observer approach in [4] was applied to form a bypass of the high frequency loop. Figure 4 .1 shows that the controller is successfully controlling the system with the actuator time constant of 0.6 sec.
SIMULATION RESULTS

CONCLUSION
The block control principle and the concept of ``Order of Zero Dynamics" can be efficiently used for the design of the sliding mode controller, with reduced dependence on system parameters and state measurements. In the paper we applied the approach to the linearized model of the VGT/EGR diesel engine. As a manifestation of strong interactions between EGR valve and VGT actuators in their effect on the engine variables, the system is nonminimum phase and the zero dynamics of order 1, ZD 1, were shown to be unstable. The zero dynamics of order 2, ZD 2, have been shown to be stable and based on this information a sliding mode controller was designed for this system.
